Background: The aim of this study was to evaluate the accuracy of initial bone cutting of the distal femur and the proximal tibia in TKA using an image-free navigation system. Methods: From February 2006 to March 2013, we evaluated 60 knees in 50 patients using an image-free navigation system (Navigation: Stryker Navigation Cart System; Software: Stryker Knee Navigation; Ver2.0: Stryker Orthopaedics US NJ Mahwah). First, we measured the angle shown by the navigation system before cutting, at the time we set the jig. Second, we measured the angles shown by navigation after the bone was cut using the jig. Then, we compared these two angles for each patient to determine the bone cutting error. Results: In the distal femur, 37 of 60 knees were cut in an extended position in the sagittal plane, and 26 of 60 knees were cut in a varus in the coronal plane. In the proximal tibia, 29 of 60 knees were cut with decreased posterior slope in the sagittal plane, and 26 of 60 knees were cut in a valgus. Conclusions: In this study, the distal femur tended to be cut in an extended and a varus position and the proximal tibia did with decreased posterior slope and in a valgus position after initial bone cutting. It is necessary to note the initial cutting error in TKA. Since cutting errors affect postoperative outcome, we should cut bones several times. And as the reasons of the cause of the error, we propose new reason that cutting bone is not parallel with accuracy to AP axis.
Introduction
Worldwide, many total knee arthroplasty (TKA) operations are performed each year. Many factors affect clinical outcomes. Appropriate alignment in sagittal and coronal plane is one of the most important among them, and component installation is one of the most important factors of appropriate alignment. In the sagittal plane, malalignment can affect size of components and postoperative range of motion of the knee [1] [2] . And in the coronal plane, it has been reported that a cutting error of more than 3˚ worsens the prognosis of TKA [3] - [5] . There have been few studies about the accuracy of bone cutting in TKA, because it is heavily dependent on the skill of the surgeon [6] . Nakahara et al. examined the angular difference between the cutting surface and the preoperatively planned angle in the distal femur using a CT based navigation system [6] . However, in that study it was possible that cutting errors were caused not only by inaccurate bone cutting but also by inaccurate reproduction of the preoperative plan. The aim of our study was to evaluate the accuracy of initial bone cutting of the distal femur and the proximal tibia in TKA using an image-free navigation system with more precision than previous studies. The goal was to objectively evaluate only the effect of bone cutting.
Materials and Methods
From February 2006 to March 2013, we performed 390 TKA and UKA in our hospital. In this study, we investigated only primary TKA by same team. Exclusion criteria included UKA, revision TKA and tumor knee prosthesis. 29 UKA, 92 revision TKA and 30 tumor knee prosthesis were excluded. Moreover 125 were also excluded because not performed by our team. Out of 114 primary TKA, 54 had incomplete data. The analysis was conducted on 60 primary TKA implanted in 50 patients (8 men and 42 women).The average patient's age was 72.5 years (range 50 -89 years). The diagnoses for all patients were 42 knee osteoarthritis, 7 rheumatoid arthritis and 1 osteonecrosis (Figure 1) . We used an image-free navigation system (Navigation: Stryker Navigation Cart System, Software: Stryker Knee Navigation Ver2.0: Stryker Orthopaedics US NJ Mahwah) in all cases at the time of the surgery. The saw blade was 1.27 mm thick and 18mm wide, and the slot thickness of the cutting block was 1.40 mm.
As an anatomical index for the image-free navigation system, we set the mechanical axes of both the femur and tibia by the following method. First, in the femur, we registered at the center of femoral head, the lateral and medial epicondyles of femur, the Whiteside line, and the knee center. Next, in the tibia, we registered at the anterior-posterior axis, lateral and medial malleolus of ankle, and the knee center. On the femur side, we installed a jig perpendicularly to a mechanical axis in a coronal plane. In a sagittal plane, we installed the jig at about 2˚ - For evaluation, we defined + or − as the difference of direction shown by the navigation system. First, we measured the angle shown by the navigation system before cutting, at the time we set the jig. Second, we measured the angles shown by navigation after the bone was cut using the jig. Then, we subtracted the angle shown by the navigation system before cutting from the angle after cutting by the navigation system to determine the bone cutting error.
We evaluated the coronal and sagittal planes on both femur and tibia. In the coronal plane on the femur, we regarded an error of the valgus position as a + and of the varus position as a −; in the sagittal plane, an error of the extended position was regarded as + and of the flexed position as − (Figure 2(a) ). On the tibia, we measured ( * ) Since the angle shown by the navigation system was valgus 0.5˚ before cutting, we defined it as +0.5˚. Since the angle shown by the navigation system was varus 1.5˚ after cutting, we defined it as −1.5˚. Then we subtracted + 0.5˚ from −1.5˚. In the result, cutting error was −2.0˚ (varus 2.0˚). similarly in the coronal plane; in the sagittal plane, we regarded an error of the posterior position as + and anterior position as − (Figure 2(b) ). The Chi-square test was used to consider the difference of how to cut in each situation.
The same team performed all operations. All surgical procedures were performed by a senior surgeon and 2 -3 assistants. All measurements were performed by one investigator who did not participate to the surgical procedure. An inter observer error was not occurred, because they just tried to record the value of the screen. The Chi-square test was used to consider the difference of how to cut in each situation.
All procedures were approved by the Institutional Review Board of Kanazawa University. The patients provided informed consent for the publication of this report.
Results
On the distal femur side, 37 (62%) of 60 knees were cut in an extended position, and 14 (23%) were cut in a flexed position in the sagittal plane (Figure 3 28 had error more than 1˚. In the coronal plane, 26 (43%) of 60 knees were cut on a varus, and 17 of 60 knees were cut on a valgus (Figure 3(b) ) (P > 0.05). The average absolute error was 0.64˚. Eight (13%) of 60 knees had error more than 1˚. There was no knee with an average absolute error value of more than 2˚. On the proximal tibia side, 29 (48%) of 60 knees were cut with a decreased posterior slope, and 18 (30%) were cut with an increased posterior slope in the sagittal plane (Figure 4(a) ) (P > 0.05). The average absolute error was 1.10˚. There were 24 (40%) of 60 knees with average absolute error values of more than 1˚. In the coronal plane, 21 (35%) of 60 knees were cut on a varus, and 26 (48%) were cut on a valgus (Figure 4(b) ) (P > 0.05). Seven (12%) of the 60 knees had average absolute error values of more than 1˚. The average absolute error was 0.60˚. No knee registered an average absolute error of more than 2˚.
We evaluated the bone cutting relationship between the femur and the tibia in a coronal plane. Results showed that 7 (12%) of 60 knees were cut on a valgus on both the femur and the tibia side, and 8 (13%) were cut on a varus on both the femur and the tibia side. A total of 15 knees were cut in the same direction. On the other hand, in 7 (12%) of 60 knees the femur were cut on a valgus and the tibia was cut on a varus, and in 10 (17%) the femur was cut on a varus and the tibia were cut on a valgus. Altogether 17 knees were cut in different directions ( Table 1) . 
Discussion
Accurate alignment and soft tissue balance are fundamental in a successful TKA [4] [7] . There are five main causes of malalignment: 1) inaccuracy of the preoperative plan, 2) inaccurate reproduction of the preoperative plan, 3) incorrect setting of the cutting guide, 4) inaccurate fixation of the component, and 5) incorrect cutting of the bone [8] - [11] . Accuracy of the preoperative plan can be improved by a 3D template and accuracy of the reproduction of the plan is improved by the navigation system or by PSI (patient specific instruments). Cutting guide settings also can be improved through use of a navigation system [12] [13] . Inaccurate bone cutting has been noted for a long time.
In this study, the distal femur tended to be cut in an extended and a varus position and the proximal tibia with decreased posterior slope and in a valgus position after the initial bone cutting. It tends that cutting error is larger in the sagittal plane than in the coronal plane.
Nakahara et al. reported cutting error of the distal femur in 20 knees [6] . In the sagittal plane, 13 (65%) of 20 knees were cut in an extended position and in 6 (30%) there was an error of more than 3˚. Same as previous study, 37 (62%) of 60 knees were cut in this study. In the sagittal plane, the bending of the bone saw was the main cause of the cutting error, causing also an incomplete cutting posteriorly [6] [8].
Insall et al. consider that an appropriately sized component is a very important prognostic factor for TKA [14] . Imamura et al. reported that an error of more than 3˚ in the sagittal angle of the femoral distal cut can cause differences about 2 mm in the size of the femoral component [15] . Further Tsukeoka et al. reported that a distal femoral cutting error in 4˚ of extension could result in component sizing 2 mm larger than preoperatively planned [16] . In this study, there were 9 (15%) of 60 knees in which cutting error was more than 3˚. As for the other problems associated with cutting in an extended position, a notch may be formed in the femoral anterior cortex or it can lead to overhang in association with a larger femoral component size. Tsukeoka et al. reported that a progressive increase in the degree of extension of the distal femoral cutting error in TKA resulted in a 2 mm increase in the flexion-extension gap difference for every 2˚ of additional extension error [17] . Daluga et al. note that an increase in the degree of extension of the distal femoral cutting error can affect postoperative range of motion and lead to postoperative pain of the anterior knee [18] .
In a sagittal plane, the tibia tended to be cut with decreased posterior slope. A bone cutting error on the tibia can then occur due to: 1) "wobbling" of the saw blade due to saw instability; 2) bending in flexion of the blade leading to deviation of the cut; 3) wandering of the blade away from the guide surfaces (we did not use guides in this study) [17] . In this study, 29 (48%) of 60 knees were cut with a decreased posterior slope on the proximal tibia side. We think flexure of the bone saw was the primary cause of the error. If the proximal tibia is cut with a decreased posterior slope, the flexion gap may be tight and range of motionmay be reduced. From the above, it is clear that we should cut bone with more precision, since cutting errors in the sagittal plane lead to restricted range of motion.
In the coronal plane, 26 (43%) of 60 knees were cut in a varus on the distal femur. On the other hand, in the study by Nakahara et al., 10 (43%) of 20 knees were cut in a valgus [6] . They explained that the first distal femur cut resulted in a slightly valgus alignment, which may be due to the fact that almost all cases had a varus deformity and the medial bone was harder than the lateral bone, which deflected the saw blade. However, our results were reversed. Also in our study, 26 (43%) of 60 knees were cut in a valgus on the proximal tibia. Compared with the femur, bone cutting was carried out in the reverse direction. If bone cutting of the deformed side is insufficient, there should be a relationship between cutting errors of the femur and tibia, but we found no such relation in our results. So it was possible that in the coronal plane, the cutting error of femur and tibia may not be decided only by the hardness of bone cortex. Other reasons for cutting error in this study could include in stability of the cutting guide or relative motions between the cutting guide and bone saw [8] [9] .
Otani et al. examined cutting error with regard to the relationship between slot and bone saw thickness [9] .
They reported that the mean maximum cutting error at a cutting depth of 5 cm with a 1.2 mm thick saw blades was 802 microns, and with a 1.4 mm thick saw blades it was 488 microns. In other words, cutting error could be minimized by using thicker saw blades and a thinner slot. In this study, we used a 1.27 mm thick saw blade (Nakahara et al.: 0.9 mm) and a 1.40 mm thick slot (Nakahara et al.: 1.35 mm). We believe these differences in the thickness of saw blade and slot led to less motion between the cutting guide and bone saw. Further, Otani et al. concluded that cutting error can be minimized by fixing the cutting guide to the distal femur with a combined fixation method utilizing a central rod and peripheral pins or clamps [9] . They reported that fixation with only pins or clamps did not provide tight fixation and had deflections from 200 microns to more than 1 mm. In this study, because we were using a navigation system, we did not use the medullary rod; instead we used only pins, to avoid the invasive insertion of the rod. The use of three pins enabled us to achieve adequate fixation of the cutting guide. We propose a new reason why the bone was not accurately cut parallel to the AP axis in the coronal plane. When cutting a bone from the lateral or medial side, the direction of cutting moves from the AP axis. Because of incomplete bone cutting on the posterior side due to flexure of the bone saw, if we cut the bone from the lateral side, the amount of the medial bone resection decreases and, for the same reason, if we cut the bone from the medial side, the amount of the lateral bone resection also decreases. As a result, cutting errors are caused in the coronal plane. In this regard, we think it depend on which hand had performed cutting bone and ways of skin incision. About this point, the further research is required. It has been reported that a cutting error in the coronal plane of more than 3˚ worsens the TKA prognosis [3] - [5] . But there has been no knee in which the average absolute error value was more than 2˚. Sungkhum et al. compared the use of narrow and widesawblades on the proximal tibia bone, cut in a close slot cutting block guide and verified by a computer navigation system [2] . They did not find any statistically significant difference in their cases. However, they did find statistically significant differences in sclerotic bone. The saw blade width was 18mm in this study, which is narrower than those commonly used. There are four limitations in our study. First, we operated with the same team, but with more than one surgeon. Previous studies conclude that cutting errors are independent of the surgeon's experience [8] [19] . However, if we desire a more precise evaluation, we should operate with only one surgeon. In addition, we did not consider which side was deformed, we did not look at methods of skin incision, and we did not consider which hand was used to perform the bone cutting. These factors have a strong effect on cutting errors; they should be considered in order to evaluate cutting errors more precisely.
Conclusion
In TKA, the initial error in bone cutting has a great effect on the postoperative outcome. Especially, cutting errors in the sagittal plane tend to be larger than those in the coronal plane. The distal femur tended to be cut in an extended and varus position and the proximal tibia tended to be cut with a decreased posterior slope and valgus position. However, there were significant differences only in the sagittal plane on the distal femur. Cutting errors affect postoperative outcome. We believe that flexure of the bone saw is the main cause of the error. To improve the accuracy of one cutting, we should use thicker saw blades and a thinner slot and cut bones several times.
